Introduction
============

In 1954, thalidomide (Fig. [1](#fig01){ref-type="fig"}A) was developed as a sedative hypnotic drug by the German pharmaceutical company Grunenthal. No remarkable toxicity was detected when tested on rodents, and thalidomide was sold to more than 40 countries. However, in the early 1960s, McBride and Lenz independently reported that thalidomide is highly teratogenic. When pregnant women take thalidomide, newborn infants suffer severe developmental defects such as phocomelia and small ear. Although this drug was withdrawn from the market, researchers continued studying its mechanism of action and activity.^[@r01]--[@r03])^

In 1965, an Israeli physician found that thalidomide is effective for treating erythema nodosum leprosum, a specific type of leprosy resulting in painful skin lesions.^[@r04])^ During the 1980s and early 1990s, thalidomide was found to be an effective treatment for certain autoimmune diseases, such as rheumatoid arthritis and chronic graft versus host disease,^[@r05]--[@r07])^ and thalidomide decreases tumor necrosis factor-α production.^[@r08],[@r09])^ In 1994, thalidomide was shown to inhibit angiogenesis,^[@r10])^ and in 1999, thalidomide was demonstrated to be effective for the treatment of multiple myeloma.^[@r11])^ The use of thalidomide for treating erythema nodosum leprosum and multiple myeloma was approved by the Food and Drug Administration (FDA) in the U.S. in 1998 and 2006, respectively. In Japan, the use of thalidomide for the treatment of multiple myeloma was approved in 2008. Because thalidomide is associated with serious teratogenicity, its use is strictly controlled by the System for Thalidomide Education and Prescribing Safety (STEPS) program in the U.S. and the Thalidomide Education and Risk Management System (TERMS) in Japan.^[@r12],[@r13])^ Thalidomide represents one of the most successful cases of drug repositioning.

Recently, several thalidomide derivatives have been developed as immunomodulatory imide drugs (IMiDs).^[@r14],[@r15])^ Among these, lenalidomide and pomalidomide have potent anti-cancer activity (Fig. [1](#fig01){ref-type="fig"}B and [1](#fig01){ref-type="fig"}C), both drugs exert clinically beneficial effects against multiple myeloma, and they have already been approved by the U.S. and Japan. Lenalidomide also possesses therapeutic activity for the treatment of myelodysplastic syndrome (5q-), mantle cell lymphoma, and follicular lymphoma.^[@r16]--[@r22])^

The effects of thalidomide are pleiotropic, hence there are believed to be numerous molecular targets of this drug. The direct target of thalidomide was not known until recently due to technical limitations. However, our group developed new affinity matrices (styrene glycidyl methacrylate \[SG\] and ferrite glycidyl methacrylate \[FG\] beads) for isolating drug-binding proteins.^[@r23],[@r24])^ Using FG beads, in 2010 we identified cereblon (CRBN) as the sole direct target responsible for thalidomide teratogenicity.^[@r25])^ Various researchers have subsequently investigated the role of CRBN in the effects of thalidomide. CRBN is now considered a primary direct target for both the anti-cancer activity and teratogenicity of thalidomide.^[@r26],[@r27])^

CRBN forms a cullin-really interesting new gene (RING) ligase-4 (CRL4) ubiquitin ligase (E3) complex with damage-specific DNA-binding protein 1 (DDB1), Cullin 4 (Cul4), and Regulator of cullins-1 (Roc1).^[@r25],[@r28],[@r29])^ When thalidomide or its derivatives bind to CRBN, CRBN can recognize drug-dependent 'neosubstrates' for subsequent ubiquitination and protein degradation. Substrate selectivity is dependent on the structure of CRBN-binding compounds,^[@r26],[@r30])^ and novel medicines that target CRBN are being eagerly sought. In particular, proteolysis-targeting chimeras (PROTACs) have been developed using CRBN, and this technology is attracting the attention of researchers and the pharmaceutical industry.^[@r31],[@r32])^

In this review, we summarize the molecular mechanisms of thalidomide and its derivatives. In addition, we introduce various applications of thalidomide-like compounds, with particular emphasis on CRBN approaches.

Development of drug target deconvolution
========================================

Identifying the direct target proteins of small chemical ligands such as pharmaceutical drugs is called target deconvolution. There are several methods for achieving target deconvolution, including affinity purification using ligand-immobilized affinity matrices, photoaffinity labeling, cellular thermal shift assay, activity-based protein profiling, and drug affinity responsive target stability analysis.^[@r33])^ Among these, we employed affinity purification and have been developing new affinity matrices for more than 30 years. Agarose is conventionally used as an affinity matrix, and in 1986 Tjian and colleagues identified transcription factor Sp1, which binds to a specific DNA sequence, using DNA-immobilized agarose beads.^[@r34])^ This ground-breaking discovery demonstrated the power of the purification technique for isolating ligand-specific binding proteins. However, numerous non-specific proteins tend to interact with hydrophobic compounds present in this matrix, including the hydrophobic thalidomide, and this is partially why target deconvolution failed for a long time for this molecule. Therefore, we developed non-porous, physically stable matrices that were small and highly dispersive, with surfaces that tend not to bind proteins non-specifically, and it is easy to modify the reactive groups for drug fixation because these stable matrices are tolerant to organic solvents. The smaller size of these beads results in a larger surface area, which is advantageous.

We first developed SG beads, the core of which is composed of copolymers of styrene and glycidyl methacrylate forms an outer coating. These beads have a diameter of ∼200 nm, can form a single-bead dispersion in water, and can be collected by centrifugation.^[@r23])^ We next developed FG beads (Fig. [2](#fig02){ref-type="fig"}A),^[@r24])^ which were similar to SG beads, but the core was composed of ferrite (Fe~3~O~4~) nanocrystals surrounded by copolymers of styrene and glycidyl methacrylate. Magnetic separation is possible using FG beads, which avoids centrifugation, and non-specific background is also reduced using affinity purification. SG and FG beads are currently produced by Tamagawa Seiki Co., Ltd, and they are commercially available. We used these beads for isolating various target proteins of pharmaceutical drugs and other bioactive metabolites.^[@r35]--[@r45])^

Identification of a primary direct target of thalidomide using FG beads
=======================================================================

Thalidomide is composed of two parts: a phthalimide ring and a glutarimide ring. We synthesized thalidomide derivative FR259625, which has a carboxylic acid group, and covalently attached it through this group to amino groups on FG beads (Fig. [2](#fig02){ref-type="fig"}B). Using the resulting thalidomide-immobilized FG beads, we attempted to isolate target proteins from various cell extracts (Fig. [2](#fig02){ref-type="fig"}C), and managed to purify two proteins with molecular weights of ∼55 kDa and ∼127 kDa. The smaller and larger proteins were identified as CRBN and DDB1, respectively. Using recombinant proteins purified from insect cells, we found that CRBN binds directly to thalidomide, while DDB1 binds directly to CRBN and interacts indirectly with thalidomide.

CRBN is a 441 or 442 amino acid protein that is evolutionally conserved from plants to humans and is associated with intellectual disability.^[@r46])^ Although the biochemical functions of CRBN are largely unknown, identification of DDB1 provided an important clue, because DDB1 was originally identified as a DNA repair factor that forms a heterodimer with DDB2.^[@r47],[@r48])^ However, as mentioned above, this protein is now known to be an adaptor protein of the E3 ubiquitin ligase complex CRL4.^[@r28])^ From yeasts to humans, intracellular protein levels are precisely regulated by the ubiquitin-proteasome system, in which the E3 enzyme catalyzes the transfer of polyubiquitin chains from the ubiquitin conjugating enzyme (E2) component to target proteins, thereby targeting them for degradation by the proteasome.^[@r49])^ CRL forms the largest E3 family, with over 700 types.^[@r50])^ The classification of CRLs is based on the type of Cullin protein, of which at least seven types (Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5, and Cul7) are known. Cullin proteins bind to Roc1 to form the catalytic core of CRL. CRL4 consists of four proteins (Roc1, Cul4 4A or 4B, DDB1), and a substrate receptor. DDB1 is an adaptor protein that connects the substrate receptor to the N-terminus of Cul4 (Cul4A or Cul4B) to form a substrate recruitment core that recognizes specific target proteins for ubiquitination and degradation. There are many known substrate receptors, known as DDB1- and Cul4-associating factors, including DDB2 and CDT2.^[@r29],[@r48],[@r51])^ DDB2 recognizes the DNA repair factor Xeroderma pigmentosum complementation group C, while CDT2 recognizes the Chromatin licensing and DNA replication factor 1.^[@r52],[@r53])^ We found that CRBN competes with DDB2 for binding to DDB1, and CRBN is auto-ubiquitinated along with DDB2.^[@r54])^ Notably, the auto-ubiquitination of CRBN is inhibited by thalidomide. Therefore, we concluded that CRBN is a novel substrate receptor of CRL4 and a biochemical target of thalidomide.

CRBN is crucial for thalidomide teratogenicity
==============================================

Rodents are resistant to thalidomide; therefore, we used zebrafish as a model animal to investigate whether CRBN is involved in thalidomide teratogenicity. Zebrafish have transparent bodies, their embryos grow rapidly, and they are used widely in pharmaco-toxicological studies.^[@r55])^ It is possible to observe the pectoral fin within 3 days after fertilization, and ectopic expression can also be studied by mRNA injection. Thalidomide induces serious developmental defects in the fins and ears of other thalidomide-sensitive animals, and the zebrafish CRBN homolog zCRBN binds to both DDB1 and thalidomide.^[@r25])^ To investigate whether CRBN is a genuine target for thalidomide teratogenicity, we constructed a thalidomide binding-deficient CRBN mutant, in which both Y384 and W386 were replaced with alanine, which can form the CRL4 complex. We then demonstrated that zebrafish embryos expressing this mutant are resistant to thalidomide treatment.

In limb and fin development, fibroblast growth factor 8 (FGF8) has been shown to be essential,^[@r56],[@r57])^ and a previous report found that thalidomide downregulates the expression of FGF8 in rabbits.^[@r58])^ We confirmed that FGF8 expression is downregulated by thalidomide treatment in zebrafish, and downregulation is reversed by ectopic expression of a thalidomide binding-deficient Y384A and W386A CRBN mutant. Finally, we used chicks and confirmed that the teratogenic pathway is evolutionary conserved in different species. Treatment with thalidomide retarded the growth of limbs in chicks, and drug binding-deficient mutants abolished the limb defects. Therefore, we concluded that CRBN is a primary target for thalidomide teratogenicity.^[@r25])^

Identification of CRBN was an important discovery in the field of thalidomide research. Many researchers subsequently began analyzing the function of CRBN, but several important questions remain: (1) Is CRBN involved in the therapeutic effects of thalidomide? (2) What are the substrates of CRBN? (3) What is the protein structure of CRBN, and how is this related to function? (4) Why are rodents resistant to thalidomide?

CRBN is required for the therapeutic effects of thalidomide and its derivatives
===============================================================================

Researchers, including our group, first investigated whether CRBN is associated with the therapeutic effects of thalidomide. Pomalidomide is a thalidomide derivative with an amino substituent at the four position of the phthalimide ring (Fig. [1](#fig01){ref-type="fig"}C). Lenalidomide is similar to pomalidomide but lacks a carbonyl group (Fig. [1](#fig01){ref-type="fig"}B), and this compound was found to decrease IRF4 expression and cause growth defects in myeloma cells before CRBN was identified.^[@r59])^ The relationship between the anti-myeloma effects and CRBN is intriguing. Stewart and colleagues showed that RNA interference-mediated knockdown of CRBN confers IMiD resistance to myeloma cells.^[@r60])^ Furthermore, a pomalidomide-resistant myeloma cell type was shown to lack CRBN expression.^[@r60])^ Our group and others have shown that CRBN binds not only to thalidomide but also to lenalidomide and pomalidomide, and CRBN binds more strongly to these two derivatives than thalidomide. It was confirmed that IMiD treatment downregulated the expression of IRF4, an essential survival factor, resulting in antiproliferative effects in myeloma.^[@r61])^ Therefore, it was concluded that CRBN is required for the anti-myeloma effects of thalidomide and IMiDs.

Identifying CRBN substrates was the next priority, and two research groups independently showed that lenalidomide induces the degradation of transcription factors Ikaros family zinc finger protein 1 (Ikaros) and Ikaros family zinc finger protein 3 (Aiolos) mediated by CRL4^CRBN^.^[@r62],[@r63])^ Ebert and colleagues rediscovered CRBN as a primary direct target of lenalidomide using drug-immobilized affinity chromatography,^[@r62])^ and both groups found that lenalidomide confers CRBN with the ability to recognize Ikaros and Aiolos as neosubstrates. Ikaros and Aiolos belong to the Ikaros family of proteins involved in lymphocyte differentiation. Other Ikaros family proteins, such as Helios and Eos, are not degraded by lenalidomide, and Ikaros and Aiolos are important for IRF4 expression. Expression of CRBN-binding deficient mutants of Ikaros or Aiolos suppressed the antiproliferative effect of lenalidomide in myeloma cells. Therefore, it was concluded that breakdown of Ikaros and Aiolos drives the anti-myeloma effects of lenalidomide. Celgene and our group have since demonstrated that pomalidomide also degrades Ikaros and Aiolos, and breakdown of these neosubstrates upregulates interleukin 2 expression in T-cells.^[@r64])^

Among thalidomide and its derivatives, only lenalidomide was effective for myelodysplastic syndrome 5q-, a disorder of hematopoietic cells caused by a lack of the long arm of one copy of chromosome 5. Ebert and colleagues found that casein kinase 1 alpha (CK1α), the gene product of *CSNK1A*, is a lenalidomide-dependent CRL4^CRBN^ neosubstrate.^[@r65])^ The *CSNK1A* gene is located on the long arm of chromosome 5. In 5q- cells, CK1α expression levels are lower than in wild-type cells, and lenalidomide effectively decreases CK1α in 5q- cells.

By contrast, thalidomide and pomalidomide have little effect on CK1α. It was shown that breakdown of CK1α mediated by CRL4^CRBN^ activates p53, resulting in antiproliferative effects on 5q- cells.^[@r65])^ This work not only elucidated the molecular basis of the therapeutic effect of lenalidomide on myelodysplastic syndrome 5q- but also suggested that substrate recognition by CRBN is dependent on the structure of CRBN-binding ligands.

Recently, Celgene developed a new CRBN-binding compound CC-885 (Fig. [1](#fig01){ref-type="fig"}D). The structure of CC-885 is similar to that of lenalidomide, but the compound possesses an extended urea and methyl-chloro-phenyl group. Phenotypic screening using more than 100 cell lines showed that CC-885 induces growth defects in various cells, and those derived from acute myeloid leukemia (AML) are susceptible to CC-885 treatment. Classical IMiDs such as lenalidomide and pomalidomide are not effective for AML. Therefore, CC-885 represents a new class of CRBN-based anti-AML drugs. AML cells lacking the CRBN gene following editing by clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) are insensitive to CC-885, suggesting that the anti-AML effect of this drug is likely to be CRBN-dependent. We identified G1 to S phase transition 1/eukaryotic release factor 1 (GSPT1/eRF3a) as a new neosubstrate of CRL4^CRBN^ in the presence of CC-885 using a coimmunoprecipitation assay.^[@r66])^ GSPT1/eRF3a is a translation termination factor that forms a protein complex with eRF1 and PABP1, and eRF1 binds directly to stop codons.^[@r67])^ GSPT1 is evolutionarily conserved from yeast to human, and lack of GSPT1 leads to G1 arrest.^[@r68])^ Our group and Celgene demonstrated that AML cells expressing CRBN binding-deficient GSPT1 mutants are resistant to CC-885.^[@r66])^ Therefore, we concluded that CC-885 drives the anti-AML effects via breakdown of GSPT1. The effect of CC-885 is based on the degradation of translation termination factors and is not limited to immunomodulation. Therefore, CRBN-binding compounds are now called Cereblon E3 ligase modulators (CELMoDs).^[@r30],[@r69])^ Several CRBN-binding compounds have been reported to induce the breakdown of GSPT1,^[@r70],[@r71])^ and CC-90009, a derivative of CC-885 developed by Celgene, is expected to be clinically effective for treating AML.^[@r72])^

Recent advances in proteomic analyses have enabled researchers to identify CRBN neosubstrates more efficiently, and many (*e.g.*, ZFP91) have been identified in the presence of CELMoDs.^[@r73],[@r74])^

Two new CELMoDs, CC-122 (avadomide) and CC-220 (iberdomide), are currently under clinical analysis (Fig. [1](#fig01){ref-type="fig"}E, [1](#fig01){ref-type="fig"}F). Avadomide is effective for the treatment of multiple myeloma and diffuse large B-cell lymphoma (DLBCL), whereas iberdomide is effective for systemic lupus erythematosus (SLE).^[@r75]--[@r81])^ DLBCL is a malignant type of non-Hodgkin lymphoma derived from B-cells,^[@r82])^ and SLE is an autoimmune disease that causes severe joint pain and fatigue.^[@r83])^ The neosubstrates of CRBN that are responsible for DLBCL and SLE are still unidentified, and identifying them may provide important clues for developing new CELMoDs targeting these diseases.

Structural analysis of CRBN
===========================

After the identification of CRBN as a direct target of thalidomide, structural biology research on the precise 3D structure of CRBN has been carried out, and two groups independently determined X-ray crystal structures in 2014.^[@r84],[@r85])^ Thoma and colleagues determined the structure of the chick CRBN-DDB1 complex with thalidomide, and the Celgene group and our group determined the human CRBN-DDB1 structure with lenalidomide. CRBN possesses at least two domains: an N-terminal LON-like domain spanning residues 76--318, which interacts with DDB1, and a thalidomide-binding domain (TBD) spanning residues 319--428. DDB1 possesses three β-propeller (BP) domains (BPA, BPB, and BPC).^[@r86])^ CRBN residues 191--197 also interact with BPC of DDB1, and known substrate receptors such as DDB2 also interact with BPC of DDB1.^[@r87])^ In addition, CRBN residues 221--248 form helices that interact with BPA of DDB1. To the best of our knowledge, CRBN is the first substrate receptor known to bind BPA. TBD has a C4 zinc finger comprising four cysteines (C323, C326, C391, and C394) and a thalidomide pocket composed of three tryptophans (W380, W386, and W400) called the Tri-Trp pocket. The glutarimide moiety is sufficient for binding to the Tri-Trp pocket. The functional significance of the C4 zinc finger motif remains unclear, but it is noteworthy that a recent report showed that the C391R mutant is associated with intellectual disability.^[@r88])^

In 2016, two groups independently reported the 3D structure of the CRBN/DDB1-ligand-neosusbtrate complex; Thoma and colleagues determined the CRBN/DDB1-lenalidomide-CK1α complex structure,^[@r89])^ and the Celgene group and our group determined the CRBN/DDB1-CC-885-GSPT1 complex structure.^[@r66])^ Two studies revealed that CELMoDs function as a molecular glue between CRBN and neosubstrates, and there is a β-hairpin loop containing a specific glycine in neosubstrates. The glycine (G40 of CK1α, G575 of GSPT1) is essential for the binding of drugs to CRBN. To interact with GSPT1, the extended urea and methyl-chloro-phenyl group of CC-885 is essential, which explains why classical IMiDs do not induce the interaction between CRBN and GSPT1. In 2018, the Thoma group reported the structure of CRBN bound to pomalidomide, and a structural degron C2H2 zinc finger (ZF) motif of Ikaros or ZNF692.^[@r74])^ Ikaros and ZNF692 have a β-hairpin loop that is similar to the surface turn structure of GSPT1 and CK1α. This study revealed the critical amino acid (Q147) of Ikaros that binds to an amino group of pomalidomide.

Thalidomide has a chiral center, hence there are two optical isomers, and it was proposed that (*R*)-thalidomide has desirable activity whereas (*S*)-thalidomide has teratogenic activity. However, it was difficult to scrutinize this hypothesis because each isomer is easily racemized (half-life, ∼10 h) in physiological conditions.^[@r90])^ The discovery of CRBN enabled us to verify the proposal using multiple approaches. We conducted structural biological and biochemical studies of (*S*)- and (*R*)-enantiomers of thalidomide bound to CRBN.^[@r91])^ X-ray crystallographic analysis revealed that although the (*S*)-enantiomer binds CRBN in a 'relaxed' form that was similar to the free form in water, the conformation of the (*R*)-enantiomer was twisted during CRBN binding to avoid steric clashes, resulting in a difference in binding activity. The binding affinity of (*S*)-thalidomide to CRBN was 6- to 10-fold stronger than that of the (*R*)-enantiomer, and the (*S*)-enantiomer was a more potent inhibitor of CRBN auto-ubiquitination and more effectively recruited Ikaros to CRBN. Furthermore, we investigated which of the isomers caused thalidomide teratogenicity using zebrafish, and (*S*)-thalidomide was found to be a potent teratogen, but the (*R*)-isomer had weaker activity. We concluded that (*S*)-thalidomide preferentially binds to CRBN, resulting in both therapeutic and teratogenic effects, and (*R*)-thalidomide is rapidly racemized, and thereby increases the supply of the (*S*)-enantiomer.

Molecular mechanisms of CRBN-based thalidomide teratogenicity
=============================================================

As described above, our understanding of the mechanism of the therapeutic effects of thalidomide has advanced considerably, but our knowledge of the mechanism of the teratogenic effects remains insufficient. Several cell lines are available for conducting biochemical analyses of myelomas, but it is difficult to adopt such approaches when analyzing developing limbs and ears.

Additionally, when pregnant women take thalidomide during the sensitive period from 20 to 36 days after fertilization, it causes multiple developmental defects to their unborn children, such as limbs that are shorter or completely absent, and malformation of the ears, eyes, and other body parts.^[@r92],[@r93])^ This indicates that thalidomide embryopathy develops in a time- and organ-specific manner, implying multiple actions of thalidomide.

One study found that myeloid ecotropic integration site 2 (MEIS2) is a natural substrate of CRL4^CRBN^ in the absence of CELMoDs.^[@r84])^ MEIS2 is a transcription factor involved in human cardiac and limb development, and ectopic expression inhibits limb outgrowth.^[@r84])^ Thalidomide causes accumulation of MEIS2, suggesting that thalidomide-induced limb deformities are mediated by MEIS2, at least partly. In another study, thalidomide and its derivatives de-stabilized the CD147-MCT1 complex, resulting in multiple effects for these drugs,^[@r94])^ and knockdown of CD147 inhibited fin outgrowth in zebrafish.

Two groups in 2018 independently reported that spalt-like transcription factor 4 (SALL4), a C2H2 zinc finger-containing transcription factor, is likely associated with thalidomide teratogenicity.^[@r95],[@r96])^ The Fischer group performed mass spectrometric analysis of thalidomide-dependent CRL4^CRBN^ neosubstrates from human embryonic stem cells and identified SALL4. Meanwhile, Celgene demonstrated that thalidomide treatment of pregnant rabbits downregulated SALL4 in embryos.^[@r96])^ Some mutations of SALL4 are known to be associated with congenital developmental defects such as Duane--Radial--Ray syndrome and Holt--Oran syndrome.^[@r97],[@r98])^ Because these syndromes partly overlap with thalidomide embryopathy,^[@r99])^ SALL4 may be a neosubstrate involved in thalidomide teratogenicity. However, whether thalidomide teratogenicity occurs in animals expressing non-degradable SALL4 has not been determined, hence further analyses of SALL4 and thalidomide are needed.

Our group recently revealed that gene products of *TP63* (p63) are involved in ear and limb defects induced by thalidomide.^[@r100])^ The p63 protein belongs to the well-characterized p53 family of tumor suppressors.^[@r101])^

Aside from its function as a tumor suppressor, p63 plays an important role in limb development. Mutations of the p63 gene cause ectodermal dysplasia and cleft lip/palate syndrome, as well as acro-dermato-ungual-lacrimal-tooth syndrome.^[@r102])^ There are several isoforms of p63, among which ΔNp63α is essential for limb development, whereas TAp63 is important for cochlea and heart development.^[@r103]--[@r105])^ It was found that both ΔNp63 and TAp63 are neosubstrates of thalidomide-dependent CRL4^CRBN^, and thalidomide induced the degradation of ΔNp63, resulting in fin defects mediated through downregulation of FGF8. Degradation of TAp63 induced by thalidomide led to small ear and downregulation of Atoh1, a transcription factor responsible for cochlea development and hearing in zebrafish.^[@r105],[@r106])^ Both thalidomide effects were reversed by the expression of non-degradable mutants ΔNp63 G506A or Tap63 G600A. Therefore, we concluded that p63 proteins are associated with thalidomide teratogenicity.

Although p63-related syndromes such as ectodermal dysplasia and cleft lip/palate syndrome and acro-dermato-ungual-lacrimal-tooth syndrome, and thalidomide-induced birth defects display a range of clinically overlapping phenotypes, such as limb deformities and hearing impairment, there are certain differences between these disorders. Additional neosubstrates and related factors may explain the discrepancy. In one mouse study, p63-deficient mice exhibited severe limb defects that were reminiscent of thalidomide-induced amelia.^[@r103])^ However, the severely truncated forelimbs of p63-deficient mice were different from the phenotypes commonly seen in p63 syndrome patients such as ectrodactyly, suggesting that the level of residual p63 activity affects the phenotypic severity of the limbs. Further investigations on large mammals such as rabbits or primates expressing non-degradable neosubstrates are clearly needed.

Species-specific effects of thalidomide and its derivatives
===========================================================

Why rodents are resistant to thalidomide is a long-standing question. Of note, thalidomide has neither teratogenic nor therapeutic effects in mice and rats, even though the sequence identity of CRBN between humans and mice is very high (95%). Recently, several groups including ours obtained critical clues for elucidating the species-specific effects of thalidomide. In mouse CRBN, E377 and V388 of human CRBN are replaced with V380 and I391, respectively. Although Ikaros and Aiolos are not decreased by IMiDs such as lenalidomide in wild-type mouse cells, these proteins are degraded in mouse cells expressing human CRBN or the CRBN I391V mutant.^[@r65],[@r85])^ Structural analyses revealed that substitution of V388 with isoleucine leads to steric clashes.^[@r65],[@r89])^ Two groups independently reported transgenic mice expressing CRBN I391V mutants that were susceptible to lenalidomide and pomalidomide.^[@r107],[@r108])^ However, no apparent limb and ear defects occurred in litters when the 'humanized' mice were treated with thalidomide, and mouse SALL4 proteins were not degraded by thalidomide in humanized mouse cells. The effects of thalidomide on mouse p63 have not been reported, and expression of not only humanized CRBN but also several humanized neosubstrates may be required to demonstrate thalidomide teratogenicity in rodents. Regarding CC-885, E377 but not V388 is important for inducing GSPT1 degradation.^[@r66])^ Based on the structure of the CRBN-CC-885-GSPT1 complex, the urea part of CC-885 binds to E377. Therefore, it is not surprising that substituting valine at position 388 in CRBN disrupts interactions with CC-885 and GSPT1. Although further investigations are needed, one of the critical reasons for the species-specific effects of thalidomide is subtle amino acid differences between CRBN in different species.

CRBN-based PROTACs
==================

Advances in CRBN analysis have contributed to the development of new protein knockdown technologies^[@r32])^ that can degrade a protein of interest using chemical compounds. In 2001, one group proposed the PROTAC technique,^[@r109])^ and although the first attempt suffered from certain difficulties, improvements have been made subsequently. For example, utilization of ligands of von Hippel Lindau, a substrate receptor of CRL2, achieved the degradation of several proteins of interest such as estrogen receptors. In 2015, Bradner and colleagues developed new heterobifunctional compounds composed of thalidomide and the bromodomain-containing protein 4 (BRD4) inhibitor JQ1.^[@r110])^ One of the heterobifunctional molecules, dBET1, is readily degraded by BRD4 in cells expressing CRBN (Fig. [1](#fig01){ref-type="fig"}G). Numerous CRBN-based PROTAC molecules have now been developed for the degradation of various proteins including breakpoint cluster region-abelsonmurine leukemia viral oncogene homolog, Tau, sirtuin 2, viral proteins, and others.^[@r111]--[@r116])^ Very recently, one group synthesized CRBN-based PROTAC molecules targeting Kirsten rat sarcoma viral oncogene homolog (KRAS) G12C,^[@r117])^ the degradation of which is beneficial because this KRAS mutation is partly responsible for pancreatic cancers and lung cancers. In reporter cell systems, green fluorescent protein-fused KRAS G12C was successfully degraded by this molecule, but degradation of endogenous KRAS G12C failed in pancreatic cancers.^[@r117])^ Although there are many problems remaining to be solved during PROTAC development, this field will very likely advance in the next few years.^[@r118])^

Aside from drug development, PROTAC technology can be utilized for basic biology, including analysis of transcription, which is divided into initiation, elongation, and termination. The initiation step of transcription was initially considered the most important, but the elongation step is also critical and can be rate-limiting.^[@r119],[@r120])^ More than 20 years ago, our group identified DRB-sensitivity inducing factor (DSIF) and negative elongation factor as critical transcription elongation factors.^[@r121],[@r122])^ Phosphorylation of DSIF and RNAPI (a subunit of RNA polymerase II) mediated by cyclin-dependent kinase 9 (CDK9) accelerates transcription elongation, resulting in mRNA production.^[@r123],[@r124])^ BRD4 is also a transcription elongation factor that is believed to recruit CDK9 to DSIF.^[@r125])^ However, protein knockdown using dBET compounds revealed that loss of BRD4 does not directly affect localization of CDK9. Thus, protein knockdown approaches are effective tools for understanding the machinery of biological reactions more deeply.^[@r126])^

Concluding remarks
==================

Our discovery of CRBN using the affinity bead technique has enhanced our understanding of the mechanisms of thalidomide and its derivatives. Researchers originally postulated that thalidomide has multiple target molecules, but most effects of these drugs are dependent on a sole protein, namely CRBN (Fig. [3](#fig03){ref-type="fig"}). Thalidomide and its derivatives have a negligible effect on cells lacking the CRBN gene. However, when a ligand binds to CRBN, the protein is able to recognize many neosubstrates. The therapeutic effect for multiple myeloma is probably based on the degradation of Ikaros and Aiolos, whereas the teratogenic effect is likely to be based on the degradation of SALL4 and p63. New derivatives including PROTAC molecules have been developed, but a new screening system is needed to exclude the possibility that degradation of teratogenic neosubstrates, such as SALL4 and p63, is induced.

Recent studies have shown that degradation of Ikaros and Aiolos is required for the specific E2 enzyme UBE2D3 and the ubiquitin building protein UBE2G1.^[@r127],[@r128])^ The precise regulation of the E3 activity of CRL4^CRBN^ is beginning to be understood.

As mentioned above, the TBD of CRBN is evolutionary highly conserved. The Tri-Trp pocket may bind natural ligands, because recent work showed that uridine (Fig. [1](#fig01){ref-type="fig"}H) and related compounds can bind the Tri-Trp pocket.^[@r129],[@r130])^ However, the physiological significance of such binding remains unknown. Indeed, the functions of CRBN in the 'absence' of thalidomide or other ligands is still unclear. Although the development of new medicines targeting CRBN has been the main focus, investigating the basic physiological functions of CRBN is also an attractive field that may open up a completely new area of biological interest.
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AML

:   acute myeloid leukemia

BP

:   β-propeller

BRD4

:   bromodomain-containing protein4

Cas9

:   CRISPR-associated protein9

CDK9

:   cyclin-dependent kinase 9

CELMoD

:   Cereblon E3 ligase modulator

CK1α

:   casein kinase 1 alpha

CRBN

:   cereblon

CRISPR

:   clustered regularly interspaced short palindromic repeats

CRL4

:   cullin-RING ligase-4

Cul4A

:   Cullin-4A

DDB1

:   damage-specific DNA-binding protein1

DLBCL

:   diffuse large B-cell lymphoma

DSIF

:   DRB-sensitivity inducing factor

E2

:   ubiquitin conjugating enzyme

E3

:   ubiquitin ligase

eRF3a

:   eukaryotic release factor1a

FDA

:   Food and Drug Administration

FG

:   ferrite glycidyl methacrylate

FGF8

:   fibroblast growth factor8

GSPT1

:   G1 to S phase transition 1

IMiDs

:   immunomodulatory imide drugs

KRAS

:   Kirsten rat sarcoma viral oncogene homolog

MEIS2

:   myeloid ecotropic integration site 2

PROTACs

:   proteolysis targeting chimeras

RING

:   really interesting new gene

Roc1

:   Regulator of cullins-1

SALL4

:   spalt-like transcription factor4

SG

:   styrene glycidyl methacrylate

SLE

:   systemic lupus erythematosus

TBD

:   thalidomide-binding domain
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![Structure of CRBN-binding drugs. (**A**) Thalidomide. (**B**) Lenalidomide. (**C**) Pomalidomide. (**D**) CC-885. (**E**) CC-122. (**F**) CC-220. (**G**) dBET1, composed of JQ1 (a BRD4 inhibitor) and thalidomide. (**H**) Uridine.](pjab-96-189-g001){#fig01}

![Affinity purification technique using FG beads. (**A**) Electron microscopy image of FG beads. (**B**) Schematic representation of FG beads. (**C**) Affinity purification of cereblon and DDB1 from human cell extracts using FG beads.](pjab-96-189-g002){#fig02}

![Proposed thalidomide mechanisms of action. Previously, it was thought that thalidomide has multiple targets, resulting in pleiotropic effects. However, it is now believed that thalidomide has a sole target (CRBN). Binding of IMiDs to CRL4^CRBN^ causes breakdown of multiple neosubstrates such as Ikaros and SALL4, resulting in various effects.](pjab-96-189-g003){#fig03}

[^1]: (Edited by Shigekazu NAGATA, M.J.A.)
